To investigate the factors involved in the sorting of cargo proteins into COPII endoplasmic reticulum (ER) to Golgi apparatus transport vesicles, we have created a strain of S. cerevisiae (p24⌬8) that lacks all eight members of the p24 family of transmembrane proteins (Emp24p, Erv25p, and Erp1p to Erp6p). The p24 proteins have been implicated in COPI and COPII vesicle formation, cargo protein sorting, and regulation of vesicular transport in eukaryotic cells. We find that p24⌬8 cells grow identically to wild type and show delays of invertase and Gas1p ER-to-Golgi transport identical to those seen in a single ⌬emp24 deletion strain. Thus, p24 proteins do not have an essential function in the secretory pathway. Instead, they may serve as quality control factors to restrict the entry of proteins into COPII vesicles.
I
n eukaryotic cells, vesicular transport connects the organelles of the secretory pathway (1) . Although vesicular coat proteins for several such transport steps have been described (2, 3) , regulation of vesicle budding and mechanisms of cargo protein inclusion remain poorly understood. Recently, a family of type I transmembrane proteins of 23 to 27 kDa, termed p24 proteins, has been implicated in the formation of vesicles and the selection of cargo in both directions between the endoplasmic reticulum (ER) and the Golgi apparatus. These proteins (named Emp24p, Erv25p, and Erp1p to Erp6p in Saccharomyces cerevisiae, with homologs in all eukaryotes examined) have a luminal domain of about 180 amino acids with a predicted coiled coil, and a short (10-15 amino acids) cytosolic tail (4) (5) (6) . The cytosolic sequences of all p24 proteins are similar, and some contain K(X)KXX motifs for COPI-dependent Golgi-to-ER retrieval (7, 8) . The luminal domains diverge between proteins, which allows a classification into ␣, ␤, ␥, and ␦ subtypes (6) . p24 family members form heterotetrameric complexes that seem to contain one protein of each class (4) . p24 proteins were identified as major components of COPI coated vesicles derived from CHO cell Golgi membranes (5) and of COPII coated vesicles budded from yeast microsomes (9) . All p24 proteins seem to cycle between the ER and the Golgi apparatus (10, 11) . At steady state, Emp24p and Erv25p have been found mainly in the ER in S. cerevisiae (9, 12) , whereas in mammalian cells, p24 proteins are localized to the Golgi apparatus and the tubulovesicular compartment on the cis side of the Golgi stack (13, 14) . The reason for the apparent difference in localization is not clear.
Three roles have been proposed for p24 proteins. First, a role in the formation of secretory vesicles in S. cerevisiae is suggested by the observation that in a sec18-1 ⌬emp24 double mutant, the number of vesicles accumulated at the restrictive temperature is significantly lower than in a sec18-1 strain (5) . The nature of the accumulated vesicles is unknown, as sec18 mutants are blocked not only in ER-to-Golgi transport but also in later steps of the secretory pathway (15) and endocytosis (16) ; they also vesiculate the Golgi apparatus itself (17) . Both COPI coatomer and the COPII component Sec23͞24p bind to some cytoplasmic tails of p24 proteins (6, 14, 18) ; this interaction could create binding sites for COPI and COPII coats on Golgi and ER membranes and thus support the formation of vesicles. Indeed, binding of coatomer to liposomes was shown to depend on p24 cytosolic tail peptides coupled to lipids (18) . In another study using a different lipid composition, this dependence was not observed (19) .
A role for p24 proteins as transport receptors for secretory cargo was proposed because of their divergent luminal domains and their ability to oligomerize (4, 6, 10, 12) . Combinatorial p24 complexes could theoretically exhibit a variety of luminal cargo binding sites (5) . Accordingly, deletion of EMP24 in S. cerevisiae leads to a delay in the maturation of invertase and Gas1 proteins, whereas carboxypeptidase Y (CPY) and pro-␣ factor are secreted at wild-type rates. This delay has led to the suggestion that Emp24p may be a specific receptor that mediates uptake of Gas1p and invertase into COPII vesicles (9) . However, specific association of any p24 protein with vesicular cargo has not yet been shown, and oligomerization of p24 proteins is not random but comprises specific complexes of ␣, ␤, ␥, and ␦ subclasses (4) . p24 proteins also act as negative regulators of vesicle budding or cargo sorting. Deletion of EMP24͞BST2 suppresses the otherwise lethal effects of a mutation or deletion of the COPII gene, SEC13 (20) , but not other COPII mutations such as sec12-1. It was suggested that in ⌬sec13 cells, COPII trafficking is impaired, and that deletion of EMP24 removes a block that normally restricts the entry of proteins into newly formed COPII vesicles. Suppression of the sec13-1 temperature-sensitive defect also occurs in ⌬erv25 and ⌬erp1, but not in any of the ⌬erp2 to ⌬erp6 single-deletion strains (4) .
Similarly, in Caenorhabditis elegans, loss or truncation of the Emp24p ortholog, SEL-9, or the Erv25p ortholog, F47G9.1, increases the function of the mutant genes lin-12(n676-n930) and glp-1(e2142), homologs of the Drosophila notch cell surface receptor gene. In the case of GLP-1, this is due to the release of a block that causes the mutant protein to remain in the ER. Thus, in glp-1(q415); sel-9(ar174) double mutants, GLP-1(q415) can leave the ER, and its plasma membrane localization is restored at least partially (21) .
To define the roles of the p24 proteins in S. cerevisiae, we have tested the function of the early secretory pathway in a strain deleted for all eight genes of this family. techniques (22) . The record of ARY104 in ref. 4 is amended here. Deletion of ERP3 to ERP6 genes was performed with a kanamycin-resistance cassette and retrieval of the marker gene, by cre͞lox-mediated excision (23) . The oligonucleotides used to disrupt p24 genes are shown in Table 2 . Clones were verified for proper insertion of the deletion construct and for marker excision by PCR using primers that hybridized ca. 300 bp upstream and downstream of the deleted gene. Disruption of IRE1 in RSY1888 was achieved with a plasmid provided by P. Walter (24) and verified by PCR.
Materials and Methods
Biochemical Characterization. Analysis of general secretion competence (25), Kar2p secretion (4), invertase secretion caused by the constitutive pCYI-20 expression plasmid (26, 27) , the time course of invertase secretion (28), pulse-chase experiments for Gas1p and CPY (4) and for the invertase-Wbp1p fusion protein (8, 27) , and electron microscopy (29) were performed as described.
Results
Deletion of All p24 Genes. No single p24 gene deletion affects S. cerevisiae viability, but four single deletions, namely emp24, erv25, erp1, and erp2, display secretory phenotypes. Deletion of these four genes in a single strain (p24⌬4) does not cause any additional phenotypes compared with the single ⌬emp24, possibly because all proteins that are missing in this quadruple deletion strain are members of a single heteromeric complex and become almost undetectable when EMP24 or ERV25 is deleted (4). This result still allows the hypothesis that the members of the p24 family have essential but overlapping functions. Indeed, some redundancy between Erp1p and Erp6p and between Erp2p and Erp4p in the suppression of Kar2p secretion from cells has been observed (4).
We used a marker retrieval method (23) to delete the remaining four p24 open reading frames from the p24⌬4 strain. The resulting strain (p24⌬8), in which all eight deletions were again confirmed by PCR, grew with kinetics identical to wild type at 30°C, 34°C, and 37°C (data not shown). Mitochondrial, peroxisomal, and vacuolar functions seemed intact, judged by the ability of all deletion strains to grow like wild type on agar plates with high (1 M NaCl) and low (0.5ϫ YPD) osmolarity (30), 500 mM Ca 2ϩ (31) , 100 mM phosphate pH 7.5 (32) , and the nonfermentable carbon sources oleate, glycerol, and lactate (30, 33) .
We examined the p24 deletion strains by electron microscopy to see whether any abnormality of the intracellular membrane system was apparent. Yeast cells that bear mutant alleles of COPI or COPII genes, and are thus blocked in protein transport between the ER and the Golgi apparatus, accumulate ER membranes (34) (35) (36) . In our ⌬emp24, p24⌬4, and p24⌬8 strains, no striking differences from wild type were observed ( Fig. 1 ), in particular no accumulation of ER or any other intracellular membranes. From examining a large number of sections, we gained the impression that the mutant strains showed a subtle but notable increase in the diameter and electron density of the nuclear envelope and the ER, but we were unable to quantify this observation. From the viability of the p24⌬8 strain, and the intact endomembrane system, we conclude that neither COPInor COPII-mediated transport is blocked in the absence of p24 proteins.
ER-to-Golgi Transport of Proteins in the p24⌬8
Mutant. The delay in transport of Gas1p and invertase in strains lacking EMP24 or ERV25 (see Introduction) has been interpreted as evidence for a role of Emp24p as a transport receptor for these proteins, and it was suggested that the continuing transport of these and other proteins in ⌬emp24 cells is caused by partial functional redundancy of Emp24p and Erv25p with the remaining p24 family members. If this is so, the p24⌬8 strain should exhibit a severe block in the transport of at least some secretory proteins.
We first examined whether the general secretion competence of the cells was altered (Fig. 2) . We labeled cells with 35 S-labeling mix for 10 min and chased for 5 or 30 min. Proteins were then precipitated from the medium, resolved by SDS-PAGE, and detected by autoradiography. With wild-type cells, we observed the typical pattern of the major secreted proteins of S. cerevisiae 
GCTAAGGATTCAATTTTTTGATATGTACGGTCATAATACTTTCTGATAGGCCACTAGTGGATCTG oEC19 (25) . In sec21-3 cells, which carry a defective gene for the ␥ subunit of COPI coatomer, protein secretion was seriously compromised at the restrictive temperature, because a block of COPI traffic exerts an indirect inhibitory effect on ER-to-Golgi transport (25) . We found that in the ⌬emp24 strain, as well as in our p24⌬4 and p24⌬8 mutants, the amount and composition of the secreted protein pool were indistinguishable from wild type. This result rules out severe defects in both COPII-and COPImediated vesicular transport in these strains. However, proteins that are bound to the membrane (such as Gas1p), retained in the periplasmic space (such as invertase), directed to intracellular compartments (such as CPY), or of low abundance, are not detected in this assay; thus, more specific defects could have escaped our attention. We therefore examined the intracellular transport of individual proteins that show a delay in transport in the single ⌬emp24 strain, namely Gas1p and invertase, by pulse-chase analysis. We reasoned that if these proteins are fully dependent on members of the p24 family for ER-to-Golgi transport, no Golgi modification should occur in p24⌬8 cells.
Gas1p, a glycosyl-phosphatidylinositol (GPI) anchored protein targeted to the plasma membrane, is produced as a 105-kDa form in the ER which matures into a 125-kDa glycosylated form in the Golgi apparatus. In ⌬emp24 cells, its maturation to the Golgi form is delayed by 15-30 min, consistent with a slower transport of the protein out of the ER; but after 60 min of chase time, no difference is apparent between wild type and the ⌬emp24 mutant (9, 37). We found that in the p24⌬4 and p24⌬8 deletion strains, Gas1p matured exactly as in ⌬emp24 (Fig. 3) . Thus, Gas1p does not depend exclusively on p24 proteins as receptors for its exit from the ER.
To determine whether the same was true for the soluble protein invertase (Suc2p), we performed pulse-chase experiments examining the internal and external (periplasmic) levels of this protein, expressed from a 2 plasmid under the control of the CPY promoter (Fig. 4) . The ER form, core glycosylated to an apparent molecular mass of approximately 70 kDa, is modified in the cis-Golgi to a 90-kDa form, hyperglycosylated in the distal Golgi, and secreted into the periplasmic space, where it is retained. Initially, we performed an experiment with a single chase point (10 min; see Fig. 4 ). At this time, invertase from wild-type cells is present almost entirely in the periplasmic space in a hyperglycosylated form. However, in sec18 cells (where fusion of COPII vesicles with the Golgi is blocked), no extracellular invertase and no maturation of the intracellular form were detected, indicating that ER-to-Golgi transport of invertase was abolished. In sec21-3 COPI mutant cells, secretion was partially blocked after 10 min, and the secreted protein was hypoglycosylated. In contrast, in ⌬emp24, p24⌬4, and p24⌬8 cells, invertase was partially retained in the ER, and the secreted protein was mainly hyperglycosylated. In the p24⌬4 and p24⌬8 cells, no exacerbation of the retention phenotype observed in ⌬emp24 (9) was seen at the 10-min time point (Fig. 4) . When we induced endogenous invertase by shifting cells into 0.1% glucose and measured amounts of intracellular and extracellular invertase at time-points of 5, 15, 30, and 60 min by pulse-chase analysis and immunoprecipitation, we could see no difference in the kinetics of invertase processing or secretion between ⌬emp24, p24⌬4, and p24⌬8 cells (data not shown). Thus, secretion of invertase, like that of Gas1p, does not depend entirely on members of the p24 family as ER-to-Golgi protein transport receptors.
We next examined the transport of CPY, a protein that is unaffected by the EMP24 deletion (9), assuming that Erp3p to Erp6p may be its specific receptors, and that its transport may be affected in the p24⌬8 strain. CPY has an apparent molecular mass of 67 kDa in the ER (p1 form), matures in the Golgi to the 69-kDa p2 form, and is finally processed in the vacuole to the mature 61-kDa form, mCPY (38) . After 5 min of chase, most of the labeled CPY was in the p2 form, and maturation (indicating arrival at the vacuole) was essentially complete after 30 min in all strains. We observed no qualitative or quantitative differences between the wild type, ⌬emp24, p24⌬4, and p24⌬8 strains (Fig. 5) . Thus, CPY transport from the ER to the vacuole is entirely independent of p24 proteins.
The results from these pulse-chase experiments speak against an important role of p24 proteins in intracellular traffic in S. cerevisiae. The p24⌬8 strain is viable and shows no severe secretion defects. We have found no exacerbation in the p24⌬8 strain of any of the secretion defects described for ⌬emp24, which suggests that the function(s) of p24 proteins in ER-to-Golgi traffic is mainly borne by the complex of Emp24p, Erv25p, Erp1p, and possibly Erp2p. Accordingly, erp3 to erp6 singledeletion strains do not exhibit any secretion defects (4). We cannot rule out the possibility, however, that p24 proteins mediate the secretion of proteins that have not been examined in this context. These hypothetical proteins are then either not wholly dependent on p24 proteins for their localization or not essential for cell growth. in their formation (18) . In this case, deletion of the p24 family should impair COPI vesicle formation and Golgi-to-ER retrieval of proteins. In mutant yeast cells where COPI-mediated trafficking is affected, COPII-dependent ER-to-Golgi traffic is usually impaired as well, and ER membranes accumulate (see refs. 35 and 36 and the sec21-3 mutant in Fig. 4) . However, ER does not accumulate in our p24 deletion strains, and thus it is unlikely that any of them is totally blocked in COPI-mediated trafficking. To investigate whether a partial defect is present, we used a fusion of invertase to the C terminus of Wbp1p, which contains a transmembrane domain and a C-terminal cytosolic KKTN sequence. This fusion protein is retrieved efficiently from the cis-Golgi in wild-type cells but escapes retention in COPI mutants, where it is transported to the vacuole and proteolytically processed (8, 27) . We performed quantitative pulse-chase analyses with strains expressing this protein; as the forward transport of invertase is delayed in the ⌬p24 strains (see Fig. 4 ), we used a fusion protein terminating in QKTN (which is not retrieved from the Golgi) as a forward transport control (Fig. 6) . From this control, it appeared that with more p24 proteins deleted, transport of the fusion protein to the vacuole became slightly less efficient (from 53% Ϯ 3.3% in wild-type cells to 41% Ϯ 2.2% in p24⌬8). This effect is different from the delay of invertase trafficking (see Fig. 4 ), because the Suc2-Wbp1p fusion is not significantly delayed in the ⌬emp24 strain (51% Ϯ 2.6% against 53% Ϯ 3.3% in the wild type), and invertase shows no gradual increase in the severity of the delay. In the ⌬emp24 strain, retrieval of the Suc2-Wbp1p fusion was indeed partially defective (39% Ϯ 3.1% reached the vacuole compared with 30% Ϯ 3.1% in the wild type), but this deficiency was reversed in the p24⌬4 and p24⌬8 strains and is therefore not a direct consequence of the lack of p24 proteins. We do not know what the cause of the partial retrieval defect in the ⌬emp24 strain is, but we speculate that it may be indirect, possibly because of the presence of unstable Erv25, Erp1, and Erp2 proteins in this background (4, 12) . We conclude that in S. cerevisiae, p24 proteins are not required to form Golgi-to-ER retrograde vesicles or to package the Suc2-Wbp1p cargo protein into them. p24 proteins are thus unlikely to represent important structural components of COPI vesicles.
The ⌬p24 Strains Have No Constitutive or Early-Onset Unfolded
Protein Response. In eukaryotic cells, conditions that result in the accumulation of unfolded proteins in the ER (such as exposure to tunicamycin or a block in ER-to-Golgi transport) elicit the unfolded protein response (UPR), leading to an increase in the production of proteins that promote protein folding (39, 40) . Loss of the Ire1p transmembrane kinase, which mediates the UPR, renders yeast cells hypersensitive to ER stress and accumulation of unfolded proteins (41) . We reasoned that an ERto-Golgi transport defect in the ⌬p24 strains may manifest itself through induction of the UPR. We introduced into these strains a plasmid (pMCZ2) that carried the ␤-galactosidase gene under the control of the UPR element. This procedure allows the monitoring of UPR induction by the blue color that the colonies develop on 5-bromo-4-chloro-3-indolyl ␤-D-galactoside (X-Gal) plates (42) . On YPD plates, neither wild-type nor ⌬p24 strains showed a UPR, whereas on plates containing tunicamycin, a strong rapid-onset UPR was observed in all cells. Intensity and onset of these UPR responses were identical in wild-type and ⌬p24 cells (data not shown), indicating that the UPR was neither inhibited nor induced by deletion of the p24 genes. Accordingly, deletion of IRE1 in p24⌬8 cells had no effects on cell growth at a range of temperatures (not shown). Thus, complete lack of p24 proteins does not lead to a significant accumulation of unfolded proteins in the ER of yeast cells.
In several single p24 deletion strains, secretion of the ER chaperones Kar2p and Pdi1p into the medium has been observed (4, 12, 20) . There is no further increase in Kar2p secretion when its HDEL retrieval signal is deleted, suggesting that Golgi-to-ER retrieval of Kar2p is not functional in ⌬emp24 cells (20) . We found that this phenotype was not exacerbated in p24⌬4 and p24⌬8 cells (Fig. 7) . Kar2p retention may therefore be fully deficient in ⌬emp24 cells already. Alternatively, the mutant cells may secrete only a small fraction of the total Kar2p produced into the medium.
Discussion
Deletion of the p24 Gene Family. We report the deletion of all p24 genes from S. cerevisiae. Growth of the p24⌬8 strain (with every deletion retested) is indistinguishable from growth of wild type under all conditions examined. p24⌬8 cells show no exacerbation of the secretion phenotypes found in ⌬emp24, apart from a slight decrease in Suc2-Wbp1p-QKTN delivery to the vacuole. The deletions were made sequentially over a period of several months, and we are aware that bypass suppressors in other genes may have arisen during this time, masking a more severe phenotype. Still, the conclusion holds that p24 proteins are not strictly necessary for vesicular trafficking. Role of p24 Proteins in the Generation of COPII and COPI Vesicles. Our experiments demonstrate that in S. cerevisiae p24 proteins are required neither for the general function of the secretory pathway nor specifically to form COPI or COPII vesicles. In in vitro budding experiments using p24⌬8 microsomes, pre-pro-␣ factor is packaged into COPII vesicles with wild type efficiency (M. Lee, personal communication).
p24 Proteins Are Not Essential Cargo Receptors. Our results lead to a restrictive conclusion. If p24 proteins are transport receptors for ER-to-Golgi trafficking, then transport of their cognate cargo either is not essential for S. cerevisiae survival or can also be achieved by different means, such as other receptors or bulk flow. In mammalian cells, ERGIC-53 is such a nonessential cargo receptor (43) . In the mouse, loss of the Erv25p ortholog p23 leads to early embryonal death (44) . This observation suggests that p24 proteins play a more prominent role in mammals, although a role in secretion or membrane assembly was not established in these studies. p24 proteins have been suggested to restrict the entry of (especially unfolded) proteins into COPII vesicles by an unknown mechanism (see Introduction). It is not clear to us how p24 complexes suppress the bulk flow secretion of some proteins while being packaged efficiently into COPII vesicles themselves. Given their ability to interact with the COPII coat, p24 complexes may act as ''placeholders'' to prohibit other proteins with a lower affinity to COPII proteins from entering COPII vesicles. Cargo proteins that efficiently interact with COPII components could then displace p24 complexes from COPII budding sites, securing a space for themselves in emerging vesicles. A similar mechanism may act in the COPI-mediated retrieval pathway.
It seems surprising that the ⌬emp24, p24⌬4, and p24⌬8 cells do not exhibit a constitutive UPR even though they secrete Kar2p (Fig. 7) . The amount of Kar2p in the cells at steady state, however, seems to be approximately the same in all four strains (S.S., unpublished results); thus, either Kar2p synthesis is upregulated by a means other than the UPR to compensate for the loss in the mutants, or the fraction of Kar2p that is lost by secretion is relatively small.
